Abstract We studied whether fish were displaced longitudinally downstream by a 1-day whitewater kayaking pulse flow release from Camino Dam on Silver Creek, a tributary of the South Fork American River, California. On 15 September 2004 flows were increased from a base flow of 0.48 m 3 ·s -1 to a peak of 18.48 m 3 ·s -1 by midday, and decreased back to base levels. Rainbow trout (Oncorhynchus mykiss) and brown trout (Salmo trutta) were observed in snorkel surveys before and after the pulse. Counts of youngof-the-year and juvenile trout were 26% and 9% lower after the pulse, respectively. Counts of adult trout were 12% higher. Six adult trout were radiotagged and were observed in the reach before, during, and after the pulsed flow. Our results suggest that most trout were able to remain in the study reach during the pulse, but that smaller fish may be more likely to be displaced downstream.
Introduction
Pulsed flows are relatively rapid increases in flows followed by relatively rapid decreases in these flows, with flow fluctuations lasting minutes, hours, or days (Hunter 1992) . Reasons for pulsed flows include: (1) generating electricity, (2) flushing streambeds, (3) providing additional water for downstream diversion for irrigation, (4) preventing reservoirs from flooding, and (5) facilitating human recreation such as rafting and kayaking. Pulsed releases for kayaking are frequently negotiated during Californian dam relicensing by the Federal Energy Regulatory Commission (FERC), and 7-fold changes in flow are not uncommon (Klimley et al. 2007 ). Remote river reaches may experience only a few days of pulses per year, but the impact of these infrequent pulses on fish are uncertain. Young-of-the year fish may be particularly affected, since recreational pulses are often requested during the warm summer months when newly hatched fish are rearing, whereas high flows in Californian rivers would commonly occur due to winter rains or spring snowmelt.
Strong pulsed flows may force juvenile salmonids downstream (McCrimmon 1954; Erman and Leidy 1975; Ottaway and Clarke 1981; Ottaway and Forrest 1983; Heggenes and Traaen 1988; Crisp 1991; Crisp and Hurley 1991; Pearsons et al. 1992) . Longitudinal displacement of juvenile coho salmon (Oncorhynchus kisutch) has been observed in streams during winter periods when floods are common (Shirvell 1994; Giannico and Healey 1998) . However, the presence of complex habitat or coarse substrate may provide shelter to juvenile salmonids and minimize downstream displacement (Heggenes 1988; Bell et al. 2001) . Older, larger fish may be less likely to be displaced downstream due to their increased swimming ability, relative to that of smaller fishes (Webb 1971) . Rainbow trout (O. mykiss) (20-25 cm TL) were not displaced downstream by a spring flushing flow that increased discharge eight-fold (Simpkins et al. 2000) .
There may be interactions between the impacts of flow releases and water temperature, or dissolved oxygen (Orth and Maughan 1982) . Fish may seek deep pools in winter when water temperatures are low, and may thereby be protected from high flows in winter and late spring. During summer there may be a greater potential for high temperatures and low overnight dissolved oxygen concentrations that could interact with low flows. In a review of the impacts of peaking power on the survival of juvenile fish in the Columbia River basin, Bell et al. (1976) noted that rates of predation by piscivorous fish may be positively related to the temperature of water released from dams.
There may also be interactions between the seasonal timing and magnitude of pulse flow releases compared with normal flows for a given time of year, and the life history stage of fish present (Hunter 1992; Bradford et al. 1995; Saltveit et al. 2001 ). However, we found no previous studies that have addressed the effects of a single pulse on the distribution of youngof-the-year trout which would never have experienced a pulsed flow. Furthermore, we found no studies that have addressed the effects of a single pulse, with timing that was unseasonable for a Mediterranean climate, on the distribution of trout.
We studied the effects on fish of a 1 day pulse release from Camino Dam as condition of a FERC relicensing, designed to test the potential of Silver Creek for Class V whitewater kayaking. The aim of our study was to determine whether fish, particularly young-of-the-year, would be displaced downstream by this single pulsed flow that was over 38 times higher than the base flow and occurred in September, an unnatural time of year for a Mediterranean system.
Study site
Silver Creek is a tributary of the South Fork American River, central California. Water reaches the study section from Camino Reservoir, via Camino Dam (Fig. 1) The section of Silver Creek that we studied was a bedrock reach (Bisson and Montgomery 1996) . Mean wetted width at along the snorkel survey reach at baseflow was 8.4 m (± 4.5 SD), and the stream gradient was 2.7%. The fifteen pools in the 300-m long snorkel survey reach were at bedrock, but often contained some gravel, finer sediment, and fallen leaves. The habitat was relatively complex, with numerous boulders at the upper and lower boundaries of pools. The average maximum depth of the pools was 1.6 m (± 0.6 SD; range, 0.7-3.3 m; Table 1 ). Mean pool length was 16.5 m (± 10.1 SD; range, 5.5-37.2 m), and average maximum pool width was 10.3 m (± 5.5 SD; range, 3.0-26.8 m). Mean pool area was 175 m 2 (± 159 SD; range, 15-490 m 2 ). The total area of pools in the snorkel section was 2622 m 2 . The total length of all pools was 247 m, comprising 82% of the habitat, with the remainder being cascades and runs.
Methods
We used a before-after study design and observed the distribution of trout before and after the pulse by snorkel surveys. This allowed us to observe all age classes, to determine whether smaller fish were more likely to be displaced downstream during a pulse. We also radio-tagged a small group of adult trout so that we could track the movement of individual fish before, during, and after the pulse. This allowed us to determine whether the fish observed in snorkel surveys after the pulse were likely to be the same individuals observed prior to the pulse (as opposed to fish washed into the study reach from further upstream). We marked some young-of-the-year and juvenile trout with visible implant elastomer, for the same purpose, but it was not possible to see the marks after the fish were released because of the distance between snorkelers and the fish (Klimley et al. 2005) . We measured water quality parameters in order to control for potential interactions with flow changes that might have affected fish distribution (Bell et al. 1976; Orth and Maughan 1982) . Measurements of surface water temperature and dissolved oxygen concentration were made 500 m downstream of Camino Dam using a handheld meter (YSI, Model 550A) prior to, during, and after the 15 September 2004 pulsed flow. Triplicate water samples (250 mL each) were collected at the same location prior to, during, and after the pulsed flow. Samples were analyzed for total Kjeldahl nitrogen (TKN), ammonia-nitrogen (NH 4 -N), nitrate-nitrogen (NO 3 -N), soluble phosphorus, and total phosphorus. Water quality analyses were performed by the University of California Division of Agriculture and Natural Resources Analytical Laboratory, on the UC Davis campus.
A preliminary snorkel survey performed on 24 August 2004 of all the pools within 500 m downstream of the dam indicated that there were very few young-of-the-year or juvenile fish. No fish less than 14 cm total length were observed in this part of the creek, so the 300-m snorkel survey reach was located between 500 m and 800 m downstream of the dam. Within the snorkel survey area pool length and maximum pool width were measured with a tape measure. Maximum pool depth was measured using a stadia rod. Measurements were made on 16 September 2004, at base flow.
We recorded fish snorkel counts in the 15 study pools on 14 September 2004 using established procedures (Dolloff et al. 1996) , moving upstream through the study reach. Fish were identified to species where possible, or listed as "unknown". Fish length was estimated by eye in order to classify fish into age/size categories. Young-of-the-year fish were defined as those with total length less than 10 cm. Juvenile fish were defined as those with total length of 10-18 cm. Adult fish were defined as those with total length greater than 18 cm. On 16 September 2004 the pools were again surveyed by snorkeling to determine post-pulse locations and numbers of fish.
In order to provide a test of whether trout observed before and after the pulse were the same fish, rather than fish washed into the reach from upstream, we individually marked a group of adult trout. We captured one rainbow trout and six brown trout (Salmo trutta) for radio tracking from a 600-m reach that began about 200 m downstream of Camino Dam (Fig. 1) . We used a larger section of the stream than we snorkeled, in order to increase the capture of fish large enough to radio tag. Fish were captured from 9 to 14 September 2004, by angling using artificial lures and insects, and tagged in the field. Standard lengths ranged between 20.5-28.2 cm, and weights ranged between 118-360 g. Fish with a body mass between 105-225 g received a smaller tag (Lotek Wireless, NTC-4-2 L; 2.1 g, 8.3 mm diameter, 18.3 mm long; 93 d lifespan, 5 s pulse frequency) than fish with a body mass greater than 225 g (Lotek Wireless, NTC-6-2; 4.5 g, 9.1 mm diameter, 30.1 mm long; 126 d lifespan; 2.5 s pulse frequency). The tag weight did not exceed 2% of body weight (Jepsen et al. 2002) .
Holding and recovery containers were treated with 10 g·L -1 rock salt to minimize fish stress by decreasing the osmotic gradient across the gills. Temperature and dissolved oxygen were monitored with a handheld meter (YSI, Model 550A). Fish were anesthetized with carbon dioxide anesthetic in a bucket (Peake 1998) , then through a tube into the mouth during surgery. Tags were inserted intraperitoneally, with the whip antenna extending through a separate hole in the body wall. Each fish was allowed to recover in a mesh live trap in the stream, then released to the same pool from which it was captured.
Radio-tagged fish were tracked by walking along the bank using a hand-held 3-element Yagi antenna and a manual-tracking receiver (Lotek Wireless Inc., SRX400). Fish locations were determined (1) at the time of release, (2) pre-pulse (the day before the pulse), (3) during the pulse-flow release, and (4) postpulse (1 week after the pulse). Since our main interest was in whether these fish remained within the study reach, we recorded locations to the nearest pool. The location estimates have an error of approximately±13 m prior to and following the pulse release versus±25 m during the pulse flow period. At the base flow, there were 15 pools in the 300-m snorkel reach, and each pool was approximately 20 m long, thus the error was estimated to be±13 m. During the pulse the pools were larger and some merged together, so fish locations were recorded to within±25 m.
One radio-tagged brown trout was not detected after being released. All other fish were observed during all subsequent tracking events. The distance moved by an individual fish between tracking events ranged from 0-120 m (Fig. 2) . During the pulse flow event all six fish stayed within the 600-m study reach. Two fish moved upstream, three moved downstream, and one did not move. (Fig. 3) . The water level in the creek increased about 1 m at the peak flow, as measured by a gage at the midpoint of the study reach.
Results

The flow out of Camino
Water temperature before and after the pulse was 10.7°C. Values observed on the day of the pulse ranged between 10.2 and 10.9°C. Dissolved oxygen was approximately 11 mg·L -1 during the pulse, 9.64 mg·L -1 the following day, and 10.67 mg·L -1 on 21 September 2004, the final day of radio-tracking. Dissolved oxygen was not measured until 15 September at 1600 h due to a malfunction of the meter.
Total Kjeldahl nitrogen (TKN) values during the study ranged from below detection (<0.1 mg·L . Ammonia-nitrogen (NH 4 -N) and nitratenitrogen (NO 3 -N) were below the detection limit (<0.05 mg·L -1 ) in all samples. Soluble phosphorus (soluble P) was below the detection limit (<0.05 mg·L -1 ) in all samples. Total phosphorus (total P) was below the detection limit (<0.1 mg·L -1 ) in all samples.
Two species of fish were observed during snorkel surveys, rainbow trout, and non-native brown trout. Young-of-the-year, juveniles, and adults were observed for both species. A total of 140 fish were observed in the snorkel survey prior to the pulse flow release (0.47 fish/ m). The number of young-of-the-year trout (of both species) observed within the 300 m section declined 26% between the pre-pulse and post-pulse snorkel surveys (Table 1) . Juvenile numbers declined 9%, while adult numbers increased 12%. Total trout density in each pool did not appear to differ markedly before and after the pulse (Fig. 4) . The numbers of young-ofthe-year per pool tended to be lower after the pulse, but some groups of pools contained more young-of-theyear after the pulse (Fig. 5) . Juvenile and adult fish numbers each increased in three pool groups, and declined in two pool groups, although the pattern was different for the two size classes. The total number of brown trout per pool ranged from 0-18 fish pre-pulse, and 0-7 fish post-pulse, with the highest number of brown trout occurring in Pool 13 both pre-and postpulse. Rainbow trout were more abundant than brown trout in the study reach. While the total number of rainbow trout ranged from 1-20 fish pre-pulse, and 0-19 fish post-pulse, rainbow trout occurred in a higher proportion of pools than brown trout during both preand post-pulse.
Discussion
The majority of trout of all sizes observed in snorkel surveys did not experience catastrophic wash-out due to the pulse, or if they were displaced downstream, most had moved back upstream by the time of the post-pulse survey. Our results corroborate the observations of Salamunovich (2003) comparison with pre-pulse observations. The experimental reach contained a total of fifteen pools, with Pool 1 at the upstream end of the section, and Pool 15 at the downstream end of the section. Counts for pools were summed in groups of three to avoid having zero values in the pre-pulse data 24 h before and after the recreational flow releases. The study found little change in the observed species, number and sizes of fish before and after flow pulses. However, our results also suggest that young-ofthe-year and juvenile trout may have been more susceptible than adult trout to being displaced downstream, since counts of these size classes were lower in the post-pulse snorkel than the pre-pulse survey. Downstream displacement of small trout by high water velocities has been observed previously (Ottaway and Clarke 1981; Ottaway and Forrest 1983) , and if smaller fish were indeed displaced downstream in our study this may be due to their swimming performance being lower than that of larger fish, as suggested by Webb (1971) . Heggenes and Traaen (1988) also found that smaller fish were more likely to be displaced downstream by increased discharge. Our results for larger fish are consistent with those of Simpkins et al. (2000) where rainbow trout over 20 cm TL were not displaced downstream by a spring flushing flow.
In our study water chemistry, temperature, and dissolved oxygen changed little during the pulse and were unlikely to have affected fish movement, leaving the flow change itself as the dominant factor. We caution that the complexity of habitat in Silver Creek, which has a large number of flow refugia (crevices, boulders, deep pools), may have mitigated the effects of the pulse, as has been observed in some prior studies (Bell et al. 2001; Nislow et al. 2002) . However, there may have been indirect effects of the pulse in Silver Creek that we were unable to detect. The flow may have been sufficient to displace benthic macroinvertebrates, resulting in a decreased food supply for trout following the pulse (Lagarrigue et al. 2002) . For safety reasons we were not able to observe the distribution of young-of-the-year trout during the pulse, but they may have been displaced out of preferred microhabitats, leading to decreased feeding and growth during the pulse (Korman and Campana 2009) .
A source of uncertainty in our study is whether the fish we saw in the snorkel section during the postpulse survey were same as those observed prior to the pulse, or fish that had washed into the snorkel section from further upstream. However, the presence of the 6 radio-tagged adult trout within the study area before, during, and after the pulse suggests that the fish observed in the snorkel surveys were the same individuals before and after the pulse. Also, on 24 August 2004 we conducted a snorkel survey of the stream between the dam and the snorkel reach. We observed only 20 trout, all between 14-24 cm long, in the 500-m long section (0.04 fish/m), suggesting that there were few fish that could have washed downstream to replace the fish that we counted prior to the pulse. We consider it unlikely that fish from upstream in Camino Reservoir or Silver Creek were entrained through Camino Dam during the pulse release and washed into the snorkel section. A site on Silver Creek, 1200 m upstream of Camino Reservoir, contained rainbow trout and brown trout in 2002, at densities similar to that of our snorkel reach (SMUD 2005b) . However, during the pulse the water level in Camino Reservoir did not change appreciably, due to the combined operations of Jaybird Powerhouse and the outflow tunnel from the reservoir, so fish in upper Silver Creek would not have had any indication that flows were increasing out of the reservoir, and so would not have been attracted down into the reservoir. Little is known about the fish species and densities occurring within Camino Reservoir itself. During a SMUD hydropower re-licensing study conducted in 2002-2003 Camino Reservoir was removed from the study due to safety and access constraints (SMUD 2005a) . The authors noted historic reports, some undated, which listed the fish species in Camino Reservoir as California roach, brook trout, brown trout, rainbow trout, riffle sculpin, Sacramento sucker, and "minnows". Camino Reservoir has surface water temperatures and dissolved oxygen levels suitable for trout (SMUD 2004) . However, SMUD staff who have fished for trout in both Camino Reservoir and in Silver Creek downstream of Camino Dam reported that they have observed few trout in the reservoir.
A problem for our study was the lack of a robust experimental design, which limited our ability to make statistical inferences about our observations, as is common for studies of the effects of flow regulation on fish (Murchie et al. 2008) . The observation of single pulses on multiple streams with comparable fish fauna, over the same time period, would have provided true replication, but such pulsed flows were not occurring on nearby streams. We could have observed multiple sub-reaches along Silver Creek, but since fish could have moved between the sub-reaches these "replicates" would not have been independent and would have resulted in a pseudoreplicated design (Hurlbert 1984) . Furthermore, the sub-reaches would have been located along a gradient of distance from the dam, and of decreasing elevation, causing autocorrelation that would have further complicated analyses. Our design would also have benefited from one or more control reaches (Carpenter 1990 ), thus allowing a BACI design (Underwood 1992) , but flows in the reach of Silver Creek immediately upstream of Camino Reservoir are influenced by other dams and reservoirs further upstream (see Fig. 1b ). It would have been possible for us to conduct repeated daily snorkel surveys over several days prior to the pulsed flow, in order to have an estimate of the variability of our counts, and to see whether the count immediately after the pulse was statistically different. However, we were concerned that the repeated disturbance of the fish for several days prior to the pulse might have decreased their activity levels and feeding rates and affected their response to the pulse itself. As future FERC relicensing studies occur in California streams opportunities may arise to repeat the observation of trout response to single-day pulses, and to pool the results of these studies for meta-analysis.
This study highlights several areas of uncertainty regarding the effects of single pulsed flows. First, the pulse flow release occurred in September, when young-of-the-year trout were well-developed and likely able to locate and move to low velocity areas to avoid the higher flows, allowing a majority to remain within the study reach. It would be informative to test pulses of similar magnitude at other times of the year, such as early summer, when fry may be newly emerged, and less able to locate and use flow refugia. Second, the habitat in Silver Creek is relatively complex and heterogeneous, which likely provided a wide variety of flow refugia for fish. It would be useful to test the impacts of a similar pulse in streams with poorer habitat to see whether fish are more likely to be displaced as habitat complexity declines. Third, the fish community in Silver Creek is very simple, and is likely compromised mainly of the two trout species that we observed. A similar magnitude pulse might have more dramatic impacts in streams with a greater number of species that prefer slower velocities than those preferred by trout. This could be tested in conjunction with tests of the effect of seasonality and habitat complexity.
